During the growth of carbon nanotubes (CNTs) by plasma enhanced chemical vapor deposition (PECVD), plasma etching is the crucial factor that determines the growth mode and alignment of the CNTs. Focusing on a thin catalyst coating (Ni = 5 nm), this study finds that the CNT growth by PECVD goes through three stages from randomly entangled (I-CNTs) to partially aligned (II-CNTs) to fully aligned (III-CNTs). The I-CNTs and II-CNTs are mostly etched away by the plasma as time goes by ending up with III-CNTs as the only product when growth time is long enough. However, with a thickness of the catalyst coating of 10 nm or more, neither I-CNTs nor II-CNTs are produced, but III-CNTs are the only type of CNTs grown during the whole growth process. During the growth of III-CNTs, the catalyst particles (Ni) stay on the tips of each of the aligned CNTs and act as a 'safety helmet' to protect the CNTs from plasma ion bombardment. On the other hand, it is also the plasma that limits the growth of III-CNTs, since the plasma eventually etches all the catalytic particles out and stops the growth.
Introduction
Since large-scale well-aligned carbon nanotubes (CNTs) were first successfully grown on Ni-coated glass below 700
• C by plasma enhanced chemical vapor deposition (PECVD) in 1998 [1] , extensive investigations have been carried out on the growth of CNTs by PECVD optimizing the growth parameters, such as the thickness of catalyst (Ni) film [2] [3] [4] , feedstock gas ratio (C 2 H 2 /NH 3 ) [5, 6] , PECVD chamber pressure [7] , substrate temperature [8] , plasma heating [9] , plasma intensity [5, 7, 8] , plasma treatment for catalyst coatings [4, 8, 10, 11] , and plasma treatment for CNTs [12, 13] . Such extensive research has significantly improved the understanding of the CNT growth mechanism in a PECVD system. However, the effect of plasma etching on CNT growth has not yet been paid sufficient attention. It is well known that plasma assists the growth of CNTs and simultaneously etches the CNTs in a PECVD system during the whole period of the CNT growth. It seems that there is very little literature reporting the effect of plasma etching on the growth of CNTs during the early stage in a PECVD system for very thin catalyst films.
Since the late 1970s, plasma etching [14, 15] has gained widespread applications in the manufacturing of semiconductor devices for the microelectronics industry [16] [17] [18] . The best-known example is the etching of silicon in CF 4 glow discharge [19, 20] . Recently, plasma engineering has drawn more attention in nanoscience and nanotechnology, since the plasma-aided nanofabrication can create nanoscale structures and textures [21] . All these applications explicitly indicate the fact that plasma etching has the power to drill a hole or remove atoms on the surface of the irradiated target by ion bombardment. As for the CNT growth in a PECVD system, accordingly, there exist two competing processes, one is to assist the CNT growth by creating carbon deposition on the catalyst, and another is to consume the CNTs by the plasma etching. It is reasonable to deduce that the plasma etching should inevitably and considerably modify the growth mode of CNTs in a PECVD system, which is essential to the full understanding of the mechanism of CNT growth.
In this paper, a detailed study is reported on investigating the effect of plasma etching on CNT growth with growth time changing from τ = 1 to 60 min and catalyst (Ni) coating thickness changing from 2 to 50 nm. With the catalyst thickness at 5 nm, it is the first time to observe that the CNT growth evolved through three consecutive stages: randomly entangled small and large diameter I-CNTs (τ = 0-4 min), partially aligned small diameter II-CNTs (τ = 4-10 min), and fully aligned large diameter III-CNTs (τ = 10-60 min). By extensive microscopic examinations, it is interesting to note that the I-CNTs are totally etched away and replaced by the II-CNTs, but the II-CNTs can only survive for several minutes and eventually be completely replaced by the III-CNTs as the final product. Even though the III-CNT growth has been extensively reported [1] [2] [3] [4] [5] [6] 8] , there are no publications on the growth of the I-CNTs and II-CNTs in a PECVD process. It is believed that the CNT growth evolution from I-CNTs to IICNTs and finally to III-CNTs is mainly attributed to the plasma effect.
Experimental details
Silicon wafers (∼370 μm in thickness, p-type boron-doped with 10 cm resistivity, (100) oriented with surface polished) were cut into 1.5 × 1.5 cm 2 pieces, followed by ultrasonic cleaning in acetone and methanol and drying in air, and then were coated with a buffer layer (Ti = 10 nm) and a catalyst layer (Ni = 2, 5, 10, 20, 50 nm for thickness variation in different experimental runs) by radio frequency magnetron sputtering. The coated substrate was transferred into a PECVD system, placed at the center of a bottomheated round stage (∼130 mm in diameter) which functions as the cathode of the plasma. Above the sample, a rod-shaped anode (∼6 mm in diameter) was fixed about ∼12 mm away. When the system was pumped down to less than 10 −2 Torr, the heater was powered for 10-20 min to raise the sample temperature to 200-300
• C. Then, ammonia gas (NH 3 ) flowing at 95 sccm was introduced into the system with the chamber pressure maintained at ∼8 Torr for heating the substrate to ∼680
• C. Normally it takes 30-40 min to reach the desired temperature after NH 3 gas is introduced. At the desired temperature, plasma was generated with a beam current fixed at 0.15 A. The coated substrate was directly exposed to the NH 3 plasma etching for the purpose of pre-growth treatment of the catalyst [8] . After the pre-growth plasma etching for 15-20 s, acetylene gas (C 2 H 2 ) flowing at 40 sccm was introduced into the chamber to trigger CNT growth at a growth pressure of 6-8 Torr.
A JEOL scanning electron microscope (SEM, 6340F) and a JEOL transmission electron microscope (TEM, 2010F) working with accelerating voltages at 5 kV and 200 kV, respectively, were employed to characterize the CNTs.
Results and discussions
In CNT growth by PECVD, only ammonia (NH 3 ) and acetylene (C 2 H 2 ) gases are introduced into the growth chamber, but the two gases may, theoretically, generate more than 100 species by almost 900 chemical reactions [9] . Regardless of the trace species and extremely slow reactions, it was suggested that the remained 175 reactions could produce 20 neutral species as [9] :
plus CN, HCN, and HC 3 N formed as the result of further reaction of the above products. In addition, there are four kinds of charged species (NH
, and e − ) generated from the chemical reactions. It is noted that the CNT growth by PECVD processing is under a very complicated environment, in addition to the effects of other working parameters such as heating temperature, gas flow speed, gas ratio (C 2 H 2 /NH 3 ), gas pressure, and the strength of plasma etching.
Due to the complexity of the CNT growth under PECVD conditions, almost all the working parameters (experimentally optimized) were purposely fixed as exactly as we can for the study of the effect of plasma etching on CNT growth for the results reported in this paper.
Stage I: randomly entangled I-CNT growth (0-4 min)
With growth time τ = 1 min, figure 1(a) shows that CNT growth by PECVD can rapidly generate lots of randomly entangled CNTs that are composed of thick and short CNTs ( ∼ 100 nm, L ∼ 1 μm), plus some thin and long CNTs ( ∼ 20 nm, L ∼ 4 μm). This is the first time we have found that the I-CNTs are randomly entangling and partially standing (some CNTs lying down) on the surface of the substrate, which is totally different from the vertically aligned CNTs [1-7, 22, 23] . Based on the morphology of the I-CNTs in figure 1(a) and the fast growth rate (around 1-4 μm min −1 ), it is suggested that the CNT growth is dominated by a thermal CVD processing rather than a PECVD processing (standard growth rate at 0.1-0.2 μm min −1 [8] ), which probably resulted from the strong catalytic capability of the nanoscale Ni particles at high temperature, and the sufficient supply of carbon sources that came from the decomposition of the feedgas C 2 H 2 . Interestingly, figures 1(a) and 2(a) show that the catalyst particles (Ni) only locate on the top end of each CNT, which agrees with the most common CNT growth mode by PECVD (tip-mode) [1-7, 22, 23] , but disagrees with the standard CNT growth mode by thermal CVD (base-or rootmode) [24] . Under this circumstance, it is supposed that these isolated Ni particles were mainly granulated by the NH 3 annealing (more than 30 min at high temperature), rather than by the plasma etching (more details are discussed later).
However, the I-CNTs cannot grow further due to the effect of the subsequent plasma etching. Figure 1(b) shows that more than half of the CNTs (thick and short) were etched away by the plasma at τ = 2 min, and figure 1(c) shows that most of the CNTs disappeared at τ = 3 min. It is interesting to note that the thin and long CNTs can survive for a longer period of time than the thick and short ones. This phenomenon could be attributed to the fact that the thin and long CNTs have better crystallization (see figure 2(b) ) than the thick and short ones (see figure 2(a) ). Accordingly, the former has higher strength than the latter to withstand the plasma etching. At τ = 4 min, figure 1(d) shows that there are a few thick and short CNTs left plus some thin and long CNTs remaining.
At the early stage (τ = 0-4 min) of CNT growth, the I-CNTs experienced fast growth (within the first 1 min) and then were gradually etched away (within the following 3 min), which may lead to two dramatic changes on the surface of the substrate. One is the relocation of the nanosized catalyst particles that lifted off the substrate by CNT growth and returned to the surface owing to the removal of the I-CNTs, another is the deposition of the decomposed I-CNT fragments on the surface of the substrate, which is consistent with the previous finding of the 5 nm amorphous carbon film covering on the substrate surface in PECVD operation [25] . As a result, it is suggested that most of the catalyst particles (see figure 1(d) ) were partially embedded into the amorphous carbon coating on the substrate with their top surface open due to the plasma etching. Additionally, it is seen that the areal density of Ni particles in figure 1(d) looks much higher than that in figure 1(a) . These extra Ni particles in figure 1(d) are supposed to come from the crumbed Ni particles on the tips of thick and short CNTs (see figure 2(a) ) and some small Ni nanoparticles which were previously embedded in the body of the thick and short CNTs [26] .
Stage II: partially aligned II-CNT growth (τ = 4-10 min)
Originating from the high areal density of the small Ni particles shown in figure 1(d) , the II-CNTs can partially align due to a crowding effect or van der Waals forces [27] , as shown in figures 1(e) and (f). At τ = 4-10 min, the II-CNT growth rate is around 2-4 μm min −1 , which is almost 5-10 times slower than the CNT growth rate by thermal CVD [24] , but more than 20 times faster than a standard CNT growth rate by PECVD [8] . Accordingly, it is suggested that this II-CNT growth may also be regarded as a kind of thermal CVD processing under plasma etching, as a result of the strong catalytic ability of the small Ni particles. TEM images in figure 2(c) show that the II-CNTs ( figure 1(f) ) are very uniform in diameter (∼20 nm), and the inset shows that the multiwalled II-CNTs have much better crystallization or graphitization than that obtained by normal PECVD growth [1, 2] . Actually, these II-CNTs grown by PECVD have a very similar morphology to those CNTs grown by thermal CVD [24, 28] , except for the fact that the II-CNTs grown by PECVD have the catalyst particles (Ni) located on the CNT top ends (tip-mode [22, 27] ) but the CNTs grown by CVD always keep the catalyst particles (Fe) at the bottom (base-mode [22, 27] ). When the CNT growth time reached 8 min, as shown in figure 1(g) , the topview SEM image shows that some II-CNTs top tips aggregated to form clusters as a result of plasma etching. Moreover, at τ = 10 min, figure 1(h) shows that most of the II-CNTs were removed by plasma etching. That is, the lifetime of IICNTs is less than 6 min. During this period of time, II-CNTs might effectively protect (covering) the remaining I-CNTs from the plasma etching. Therefore, it is noted that figures 1(h) and (d) have similar morphologies. Figures 1(h), 2(d) and (e) clearly show that the remaining thick CNTs (leftover from the incomplete etching of the big diameter I-CNTs shown in figure 1(a) ) have been seriously damaged by the plasma etching (indicated by the arrows in figure 2(e) ).
Additionally, it is noted that the areal density of Ni particles in figure1(h) is a little bit smaller than that shown in figure 1(d) . While the II-CNTs were etched out, most of the etched carbon species were evaporated and pumped out, but some CNT debris could directly fall down to the substrate surface to form the amorphous layer (see the regions indicated by the arrows in the inset of figure 2(f) ) [25] . In this case, some small Ni particles may have been embedded into the carbon layer and thus cannot be imaged by the SEM shown in figure 1(h) .
Stage III: fully aligned III-CNT growth (τ = 10-60 min)
While the II-CNTs were being etched out, a new kind of CNTs (III-CNTs, see the inset of figure 2(e)) started to nucleate and grow. It is seen that the III-CNTs align perpendicularly to the substrate with their catalyst particles facing the plasma ion bombardment. As shown in the inset of figure 2(e), the very limited carbon deposition layer on the top surface should be identified as the III-CNT growth direction. In this case, the metal particle (Ni) can act as a 'safety helmet' to withstand the plasma etching, which protects the main body of the III-CNT. Accordingly, it is reasonable that all of the III-CNTs are fully perpendicular to the substrate, with the growth direction along the axis line of the III-CNTs only. Once some III-CNTs lose the shielding heads (Ni) or deviate from the growth direction, the CNTs will be cut/etched away by the plasma. In other words, the plasma etching only allows the vertically aligned CNTs to survive and grow longer (see figures 1(i)-(l)).
As for the III-CNT growth, figure 1(k) and the inset of figure 2(f) show that each III-CNT grows perpendicularly to the substrate. Figure 2(f) clearly shows the tip-mode growth [22, 23, 27] with the catalyst particles on the top ends of III-CNTs. The disordered 'bamboo' structure inside the IIICNTs is the proof of the growth direction, which is consistent with the previous studies [2, 10] . During the III-CNT growth, some parts of the catalytic particles may break away due to the plasma etching and be embedded inside the III-CNT body, but others may be etched off by plasma. Eventually, the catalytic particles will be completely gone and the growth stops. The inset of figure 2(g) clearly showed that one catalytic particle has been completely removed by the plasma etching, resulting in a sharp end of the III-CNTs, which means the CNT cannot get further growth and start to be shortened due to further plasma etching. During the CNT growth of periodical arrays with Ni = 40 nm [8] , it is interesting to observe that two independent CNTs can utterly combine into one. Figure 2 (h) clearly shows that the catalyst particles at the top of two CNTs can combine into one. Once two CNTs combine and merge together, it means that one of the two or both will deviate from their original growth directions (both normal to the ground) and the plasma etching may take place on the CNT body, which is shown by the arrow in figure 2(h) .
In summary of the above evolution of CNT growth (with catalyst Ni = 5 nm) in a PECVD system, an illustrating model in figure 3 could help to elucidate the effect of plasma etching on the evolution of I-and II-CNTs and the final growth of III-CNTs. Additionally, through careful measurements of the CNTs' length at certain growth times, the growth evolution of II-CNTs and III-CNTs can be found, as shown in figure 4 . It clearly shows the starting and ending of each growth stage and the evolution of the growth with time.
Effect of catalyst thickness on CNT growth
As shown in the above, it is interesting to note that the three growth stages (I, II, III-CNTs) can be observed for catalyst thickness Ni = 5 nm. However, with catalyst Ni = 2 nm and growth time at τ = 7 min, figure 5(a) shows that the CNTs are randomly distributed on the substrate surface. As a result of the thin coating, these CNTs cannot stand up by themselves due to the lower areal density of the CNTs. With the critical coating thickness Ni = 5 nm and growth time at τ = 7 min, figure 5(b) shows the aligned II-CNT film which is the same as shown in figure 1(f) . When the catalyst thickness increases to 10 nm ( figure 5(c) ) or 20 nm ( figure 5(d) ) or 50 nm (figures 5(e) and (f)), our studies show that the III-CNTs are the only type of CNTs at τ = 7 min. It is suggested that these thick catalyst coatings (Ni 10 nm) should directly produce many large particles and fewer small ones. In addition, with the catalyst thickness increasing from 10 to 20 to 50 nm, the diameters of these III-CNTs increase significantly, as shown in figures 5(c)-(f), respectively. Moreover, figures 5(e) and (f) (with 30
• tilting) show that there are lots of vertically aligned small CNTs among the big III-CNTs. The experimental results show that all these small CNTs can be completely removed by plasma etching when the growth time is more than 15-20 min.
Conclusions
The plasma etching effect is the most important feature for CNT growth by PECVD. In this paper, we find that for a particular thickness of the catalytic layer Ni = 5 nm, the growth evolves through three major stages with time: random large and small diameter I-CNTs, partially aligned small diameter II-CNTs, and fully aligned large diameter IIICNTs, which is totally different from the previous reports of only one growth mode. Within the period τ = 0-4 min, the I-CNTs (a mixture of large diameter CNTs and small diameter CNTs) grow via the thermal CVD growth mode, with catalyst particles on the top ends (tip-growth), and then are mostly etched away by plasma. Between τ = 4-10 min, II-CNTs also grow via thermal CVD growth mode and are gradually etched away. At about τ = 10 min, most of the II-CNTs and the I-CNTs remaining are etched away and the III-CNTs start to grow. The catalyst particles on the top end of the III-CNTs can effectively protect the CNTs beneath, but the catalyst particles themselves are gradually etched or broken into smaller particles due to the plasma etching and eventually they are completely etched away and the growth stops. Generally, a thicker catalyst coating produces bigger isolated particles, which leads to bigger diameter and longer III-CNTs, but the final length of the III-CNTs is limited since the catalytic particles are consumed by plasma.
